In February 1979, four Stirling cycle cryogenic refrigerators, designed and built by Philips Laboratories for the Johns Hopkins University /Applied Physics Laboratory, were launched into orbit aboard a P78 -1 spacecraft.
Introduction
Cryogenic refrigerators are normally subject to two failure modes: catastrophic mechanical breakdowns and degradation of the operating temperatures.
The refrigerators described in this paper have operated in space for three (3) years with no mechanical breakdown. The operating temperatures, however, have degraded with time. This degradation is attributed to two causes: a slow loss of working gas which leaked past or through elastomeric static seals, and contamination of the working gas by volatile products originally present in the drive elements housed in the crankcase.
The loss of working gas through the static seals can be significantly reduced or eliminated by using metallic seals or welded flanges, respectively.
Maintaining the purity of the working gas, however, is a more challenging problem.
To meet that challenge, Philips Laboratories (PL) has modified the design of the refrigerators currently orbiting on the P78 -1 spacecraft.
Specifically, the new design approach uses a bellows to separate the working spaces from the crankcase, thus preventing contaminants from reaching those critical spaces.
The new approach has been comparatively successful. This paper describes the new design and reports on the experimental results attained.
The efforts were fully funded by PL.
Background
Six miniature cryogenic refrigerators were designed and built for the Johns Hopkins University /Applied Physics Laboratory (JHU /APL), for a satellite experiment conducted by Lockheed Palo Alto Research Laboratory.
The original design of these refrigerators incorporated flexible metal bellows to prevent the migration of oil vapors from the lubricated bearings in the crankcase to the working volume above the piston.
It was decided, however, to omit the bellows from the flight models due to the following findings. Labora- tory tests on the lubricant indicated that the amount of vapor outgassing was negligible.
Coupled with this was the infant mortality exhibited by the bellows and the extensive pretesting that would have been required to obtain a reliable set.
During the early stages of testing the first refrigerator, 1 it became apparent that although oil vapors presented no problems, the effect of water (moisture) was of major concern.
Within 1000 hours of operation, cold production became erratic with a continued upward trend in temperature.
After the refrigerator was stopped and allowed to warm up to ambient, examination of the displacer showed droplets of water on its surfaces. Improved purging methods were employed using a vacuum system to evacuate the refrigerator while 
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In February 1979, four Stirling cycle cryogenic refrigerators, designed and built by Philips Laboratories for the Johns Hopkins University/Applied Physics Laboratory, were launched into orbit aboard a P78-1 spacecraft.
These refrigerators, designed to cool two identical gamma-ray spectrometers for a Lockheed experiment, have been highly successful; they hold the record for in-orbit operation of any closed-cycle cryogenic refrigerator. The refrigerators are still in orbit and have individually accumulated from 4700 to over 20,000 hours of operation.
The in-orbit performance of the units demonstrated both high reliability and the capability of exceeding their one year maintenance-free life. However, telemetry data indicated degradation in the refrigerator's operating temperature. Specifically, the Lockheed Palo Alto Research Laboratory experiments indicated a 0.4°K/day shortterm increase in temperature and a 16°K increase per year. Although these increases were within acceptable limits, Philips Laboratories initiated efforts to eliminate or minimize the reported degradation.
A refrigerator identical to those in orbit was built, with one significant modification: flexible metal bellows were introduced between the crankcase and the working volume to prevent possible contaminents from migrating into the latter. During the life test of the modified refrigerator, the temperature increase for the first threemonth run was 0.022°K/day, a negligible level.
The unit has accumulated 11,000 hours of operation as of June 1982.
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This degradation is attributed to two causes: a slow loss of working gas which leaked past or through elastomeric static seals, and contamination of the working gas by volatile products originally present in the drive elements housed in the crankcase.
To meet that challenge, Philips Laboratories (PL) has modified the design of the refrigerators currently orbiting on the P78-1 spacecraft.
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Background
Six miniature cryogenic refrigerators were designed and built for the Johns Hopkins University/Applied Physics Laboratory (JHU/APL), for a satellite experiment conducted by Lockheed Palo Alto Research Laboratory.
The original desi'gn of these refrigerators incorporated flexible metal bellows to prevent the migration of oil vapors from the lubricated bearings in the crankcase to the working volume above the piston.
It was decided, however, to omit the bellows from the flight models due to the following findings. Laboratory tests on the lubricant indicated that the amount of vapor outgassing was negligible. Coupled with this was the infant mortality exhibited by the bellows and the extensive pretesting that would have been required to obtain a reliable set.
During the early stages of testing the first refrigerator, it became apparent that although oil vapors presented no problems, the effect of water (moisture) was of major concern. Within 1000 hours of operation, cold production became erratic with a continued upward trend in temperature. After the refrigerator was stopped and allowed to warm up to ambient, examination of the displacer showed droplets of water on its surfaces. Improved purging methods were employed using a vacuum system to evacuate the refrigerator while elevating the temperature of the refrigerator envelope to 140 °F.
A considerable improvement in performance was observed as temperature drift of the cold production was reduced from 0.9 °K /day to 0.4 °K /day.
Each subsequent refrigerator was purged in a similar manner, and acceptance tests for each unit were completed without further problems.
Of the six refrigerators produced, the first was life tested for twelve months, one was held in reserve as a spare, and the remaining four were launched into orbit aboard the satellite in February 1979.
Results of the operation of the four units aboard the satellite were almost identical to that of the life test conducted in the laboratory, with the exception of one unit which showed a steady climb in cold-finger temperature. This was attributed to a slow reduction of the charge pressure, presumably the result of a leaking fill valve.
Based on the life test results from JHU /APL and the information supplied by Lockheed2 on the performance of the four units aboard the spacecraft, Philips Laboratories fabricated an identical unit except for one modification, viz., the addition of flexible metal bellows as per the original design. The bellows had already tdergone extensive use in a test unit and had accumulated two years of life, or 5.26 x 10 cycles.
Based on previous testing of other bellows, the probable failure point during a test would occur within 1 x 10 cycles.
Having established that one set had surpassed this point by a considerable margin, it was reasonable to assume that the bellows would survive further testing.
They were subsequently installed in the Philips refrigerator and life testing began in January 1981.
Description and performance
A photograph of the Philips test refrigerator is shown in Figure 1 . Major characteristics and performance are given in Table 13 It should be noted that given values of cold production are for a specific application.
The internal structure is shown in Figure 2 and attention is directed to the location of the two flexible bellows mounted on the displacer and piston rods. The two bellows, assembled one inside the other, form a flexible barrier between the crankcase and working volume. By isolating the crankcase from the working volume, most forms of contamination were confined to the crankcase. Any remaining contaminents within the working volume were readily removed using a vacuum bakeout method. elevating the temperature of the refrigerator envelope to 140°F. A considerable improvement in performance was observed as temperature drift of the cold production was reduced from 0.9°K/day to 0.4°K/day. Each subsequent refrigerator was purged in a similar manner, and acceptance tests for each unit were completed without further problems.
Results of the operation of the four units aboard the satellite were almost identical to that of the life test conducted in the laboratory, with the exception of one unit which showed a steady climb in cold-finger temperature.
This was attributed to a slow reduction of the charge pressure, presumably the result of a leaking fill valve.
Based on the life test results from JHU/APL and the information supplied by Lockheed on the performance of the four units aboard the spacecraft, Philips Laboratories fabricated an identical unit except for one modification, viz., the addition of flexible metal bellows as per the original design. The bellows had already imdergone extensive use in a test unit and had accumulated two years of life, or 5.26 x 10 cycles.
Based on previous testing of other bellows, the probable failure point during a test would occur within 1 x 10 cycles. Having established that one set had surpassed this point by a considerable margin, it was reasonable to assume that the bellows would survive further testing.
A photograph of the Philips test refrigerator is shown in Figure 1 .
Major characteristics and performance are given in Table 1~ It should be noted that given values of cold production are for a specific application.
The internal structure is shown in Figure 2 and attention is directed to the location of the two flexible bellows mounted on the displacer and piston rods.
The two bellows, assembled one inside the other, form a flexible barrier between the crankcase and working volume. By isolating the crankcase from the working volume, most forms of contamination were confined to the crankcase. Any remaining contaminents within the working volume were readily removed using a vacuum bakeout method. Each side of the bellows was pressurized to the same pressure (70 psia) to prevent an excessive OP and maintain a constant rotational speed on the drive. The speed was fixed at 1000 rpm and heat loads of 1.5 W and 0.3 W were supplied to the intermediate and second stages of the cold finger, respectively.
The temperature of the heat -rejection flange was held at 300 °K + 2 °K.
It was intended that the testing would be continuous but events occurred which dictated otherwise, e.g., instrumentation failure, a power interruption, recalibration of instrumentation.
Testing commenced in January 1981.
As of June 1982, 11,000 hours of operation had been achieved without mechanical failure or the need to recharge or purge the working volume.
The first 800 hours of operation for four refrigerators is shown in Figure 3 . The performance plots of three of the original refrigerators (S/N 1, S/N 2, S/N 3) are intermittent runs accumulating 800 hours.
The plotted line, designated PL, is that of a continual 800 hour run with the test unit.
As all refrigerators are identical in structure, it is obvious that the addition of bellows to the PL unit is of significance in maintaining a constant cold temperature. During testing, a helium leak developed in the crankcase; this was assumed to result from relaxation of the elastomer seals.
The gas loss (5 psig) was replenished on a weekly basis.
Location of the leak was not explored as it had no bearing on performance, provided the crankcase pressure'was maintained to support the bellows. As a precaution, the pressure in the working volume was checked at regular intervals to ensure that there were no leaks from this volume.
The first continuous run of 3,064 hours showed that the temperatures of the first and second stages of the cold finger varied 5 °K.
It was at this point that the instrumentation was recalibrated, and the power inputs to the motors and to the cold-finger heaters were reset.
Testing continued for another 1,360 hours, with temperatures of the colo finger 105 Each side of the bellows was pressurized to the same pressure (70 psia) to prevent an excessive AP and maintain a constant rotational speed on the drive. The speed was fixed at 1000 rpm and heat loads of 1.5 W and 0.3 W were supplied to the intermediate and second stages of the cold finger, respectively. The temperature of the heat-rejection flange was held at 300°K + 2°K.
Testing commenced in January 1981. As of June 1982, 11,000 hours of operation had been achieved without mechanical failure or the need to recharge or purge the working volume.
The first 800 hours of operation for four refrigerators is shown in Figure 3 . The performance plots of three of the original refrigerators (S/N 1, S/N 2, S/N 3) are intermittent runs accumulating 800 hours. The plotted line, designated PL, is that of a continual 800 hour run with the test unit. As all refrigerators are identical in structure, it is obvious that the addition of bellows to the PL unit is of significance in maintaining a constant cold temperature. 
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During testing, a helium leak developed in the crankcase; this was assumed to result from relaxation of the elastomer seals. The gas loss (5 psig) was replenished on a weekly basis. Location of the leak was not explored as it had no bearing on performance, provided the crankcase pressure 'was maintained to support the bellows.
As a precaution, the pressure in the working volume was checked at regular intervals to ensure that there were no leaks from this volume.
The first continuous run of 3,064 hours showed that the temperatures of the first and second stages of the cold finger varied 5°K. It was at this point that the instrumentation was recalibrated, and the power inputs to the motors and to the cold-finger heaters were reset.
Testing continued for another 1,360 hours, with temperatures of the cold finger remaining within the previous 5 °K span. Testing resumed two weeks later.
The next stoppage occurred after 5,944 hours of operation due to a power failure.
The minimum expected life of one year was achieved with a temperature gain of 10 °K on the cold stage (avg. 0.027 °K /day) while the intermediate stage gained 7.5 °K (avg. 0.020 °K / day).
These temperature gains were attributed to seal wear because the gas pressure in the working volume had not varied since testing began.
Between 8760 hours (1 yr) and 10,420 hours of operation, temperature increases of both stages became more pronounced: the cold stage increased from 80 °K to 87 °K, while the intermediate stage increased from 138 °K to 142 °K. The test was stopped, and the unit was allowed to warm to ambient in an attempt to determine whether frost (which could contribute to heat leakage) was collecting on the cold finger.
The results were not conclusive although external frosting on the cold finger cannot be ruled out.
Testing continued for 1,068 hours, at which time the cold stage was reading 86.5 °K while the intermediate stage read 142 °K.
Power input to the two dc motors started at 38 W and dropped to 30 W within the first four weeks of operation.
A gradual power input reduction was observed which levelled off at 25.5 W after eight weeks and remained at this point until the refrigerator had passed one year of operation.
At this time, coinciding with the gradual increase in cold-finger temperature, a further reduction of power input to 24.5 W was observed.
The total running time was 11,488 hours without failure (see Fig. 4 ).
Testing will continue as long as useful data is being generated. Other performance characteristics Since the refrigerator design was tailored for specific requirements, other performance capabilities of the refrigerator had not been explored. Without changing the structure in any way (although structural changes could be made to suit various requirements), a series of tests were conducted to determine the effects on performance by changing charge pressure and heater loads on the cold finger. ¶he piston and displacer strokes could not be varied because of the rhombic drive mechanism where the piston and displacer must remain out of phase by about 90 °.
The effects of load and no -load conditions on the temperatures of the two stages are shown in the curves of Figures 5 and 6 .
In Figure 5 , for a no -load condition on the cold stage, a range of heater loads (0 -2 W) was applied to the intermediate stage.
In Figure 6 , for a no -load condition on the intermediate stage, a range of heater loads (0 -1 W) was applied to the cold stage.
Three pressures levels (56, 65, 75 psig) were used for each mode of operation, and the speed was set at 1000 rpm. The resultant changes in temperature can be seen.
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Other performance characteristics
Since the refrigerator design was tailored for specific requirements, other performance capabilities of the refrigerator had not been explored. Without changing the structure in any way (although structural changes could be made to suit various requirements), a series of tests were conducted to determine the effects on performance by changing charge pressure and heater loads on the cold finger. The piston and displacer strokes could not be varied because of the rhombic drive mechanism where the piston and displacer must remain out of phase by about 90°.
The effects of load and no-load conditions on the temperatures of the two stages are shown in the curves of Figures 5 and 6 . In Figure 5 , for a no-load condition on the cold stage, a range of heater loads (0 -2 W) was applied to the intermediate stage.
In Figure 6 , for a no-load condition on the intermediate stage, a range of heater loads (0 -1 W) was applied to the cold stage.
Three pressures levels (56, 65, 75 psig) were used for each mode of operation, and the speed was set at 1000 rpm. The resultant changes in temperature can be seen. Further characterization of the PL test refrigerator is illustrated in Figure 7 . By applying a range of heater loads to both the intermediate stage (0.3 -1.5 W) and the cold stage (0.3 -0.6 W), identical temperatures could be maintained between 100 -140 °K on both stages. Temperature of both stages vs. total heater power. Further characterization of the PL test refrigerator is illustrated in Figure 7 . By applying a range of heater loads to both the intermediate stage (0.3 -1.5 W) and the cold stage (0.3 -0.6 W), identical temperatures could be maintained between 100 -140°K on both stages. 
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Conclusions
To date, the test unit has accumulated in excess of 11,000 hours of operation, including thousands of hours of continuous operation. The cold finger temperatures are still within the operating range specified for the six units previously delivered.
The mechanical design and reliability have been proven. The output temperature stability has shown a vast improvement over previous refrigerators.
